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indicate high corrosion risk due to a high concentration of corrosive gases such as SO2/SO3, (HCl, H2O and CO2)
[1]-[3].  
Fireside corrosion observed in a boiler is a net result of the synergy effect between the alloy, the flue gas and 
the deposit. Most of the studies on corrosion are performed in laboratory set-ups due to cost limitations; however, 
it is very difficult to include all the conditions observed in a real boiler during laboratory studies. A majority of the 
studies run worldwide concentrate either only on the corrosive influence of the gas atmosphere, thus neglecting the 
interactions with the fly ash deposit, or consider only the artificial fly ashes in the performed tests. Applied 
deposits often represent a very corrosive environment offering a quick alloy screening but no information on a 
possible tube life expectancy after being installed in a boiler operating at specific conditions. Many studies deal 
with flat metal coupons, thus neglecting the influence of tube geometry. 
In the presented study, real fly ash from oxy-combustion tests of two hard-coal qualities were used. The gas 
blends used in the tests depict the real combustion conditions of both coals. Two different test procedures were 
used to study the usability of advanced and conventional boiler materials and to see to what extent differences in 
test procedures might affect the resulting corrosion behavior of selected alloys. Both studies were focused on the 
estimation of corrosion performance of selected materials and the evaluation of deposit and material related 
limitations on boiler performance and lifetime of CO2-lean, oxyfuel operated power plants. 
Nomenclature 
abs.  absolute 
aus.  austenitic steel(s) 
Bal.  balanced 
BSE  back-scattered electron image 
[Cr]  chromium content in wt% 
EDS   energy-dispersive spectrometry 
fer.-mar.  ferritic-martensitic alloy 
GS  ground surface 
ICP-OES inductively coupled plasma optical emission spectroscopy 
k  constant referring to oxide character 
lee  leeward side, side hidden from direct flow of combustion and/or flue gas 
luv  windward side, side exposed directly towards the flow of combustion and/or flue gas 
PR  S-rich Venezuelian Palma Rejo coal
RFCS  Research Fund for Coal and Steel 
S  sulfur (used as S-lean and S-rich while describing coals and test conditions) 
SEB  sulfur-lean Indonesian Sebuku Coal 
SEM  scanning electron microscopy 
SiC-paper abrasive grinding paper 
TIG-welding tungsten inert gas welding 
vol%  volume percentage 
w  with 
WDS  wavelength-dispersive spectrometry 
wt%  weight percentage 
w/o  without 
XRD  X-ray diffraction 
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2. Experimental
2.1. Tested materials 
The main focus of the corrosion tests was on austenitic steels with varying chromium content. These are: 304L, 
153MA, 253MA and 310S (see Table 1). All the mentioned austenitic stainless steels were TIG-welded tubes. 
Additionally, a martensitic alloy T92 and a nickel-based grade 617 were selected for fireside corrosion tests [4].  
Table 1. Composition of the tested alloys (wt%). 
Alloy Cr Ni Fe Other 
617 22.0 Bal. (54.7) 1.1 C (0.006), Si (0.09),   Mn, P, S, Mo, Co, Al, Pb 
310S 25.3 19.1 Bal. C (0.046), Si (0.059), Mn, P, S, Co, Cu, N, Nb 
253MA 21.0 11.1 Bal. C (0.086), Si (1,6),     Mn, P, S, Co, Cu, N, Nb, Ce 
153MA 18.5 9.2 Bal. C (0.053), Si (1,16),   Mn, P, S, Co, Cu, N, Nb, Ce 
304L 18.2 8.2 Bal. C (0.022), Si (0.4),     Mn, P, S, N 
T92 8.8 0.2 Bal. C (0.1),     Si (0.24),   Mn, P, S, Mo, V, B, N, W, Cb 
2.2. Corrosion tests 
The oxyfuel combustion tests were performed using two bituminous coals: a sulfur-lean Indonesian Sebuku and 
a sulfur-rich Venezuelian Palma Rejo coal. The firing tests were conducted in FoSper, 3 MWth combustion test rig 
of Enel as described earlier by Cumbo [5] and Stein-Brzozowska [4]. The gas atmosphere composition and fly ash 
collected during the firing tests were used subsequently as an input for the long term-corrosion tests performed at 
the laboratories. 
At one laboratory (IFK), the samples were pre-exposed on cooled corrosion probes positioned in the 
combustion chamber of the technical scale test rig to form the first oxide scale and original initial deposit layers 
(see Table 2 for deposit composition). The short-term pre-exposure (see Figure 2) was followed by a long-term iso-
thermal laboratory exposure (see Figure 3). At the other laboratory (Swerea KIMAB), the samples were covered 
with a deposit slurry followed by a conventional long-term iso-thermal laboratory exposure without any pre-
exposure (Figure 1).  
The first methodology allows for cost-effective studies of long-term corrosion behavior of samples, which have 
formed their initial protective oxide scale during real combustion exposure conditions including a temperature 
gradient across the tube wall. Moreover, the influences of the tube geometry and deposit formation in real 
combustion conditions are also considered at relatively low cost. Both laboratory test set-ups consisted of 
horizontal tube furnaces supplied continuously with a dedicated gas blend. The two test temperatures 650°C and 
580°C were defined. 
For tests without pre-exposure, the samples consisted of circle segments cut from tubes (Figure 1). The TIG-
welded alloys 304L, 310S and 253MA were prepared and exposed in two different ways: in the ground surface 
condition where the weld was not part of the specimen and in the as-received condition including the weld. 
Additionally, duplicate specimens of T92 and Alloy 617 were exposed with a surface ground to 600 mesh SiC 
paper. For tests with pre-exposure, whole tube rings with as-delivered surface condition were used allowing 
observation of leeward- and windward sides of the tube (see Figure 3). Before being exposed, all the specimens 
were thoroughly cleaned with alcohol and acetone. 
During the laboratory exposures, with samples pre-exposed in the test rig, the deposits (Table 2) were renewed 
every 200 h by spreading new layers of fresh fly ash originating from oxyfuel combustion of S-lean and S-rich 
coals respectively over the existing initial deposit layer (see Figure 3). For the other test series, after removal of 
“old” deposit layer, the samples were coated weekly with a fresh fly ash slurry layer generated using the same fly 
ash as in the case of the pre-exposed tests (Figure 1). For this purpose, during the cooling sequence for tests 
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Table 3. Corrosion test conditions during laboratory exposures 
Test Temp. 
[°C] 
Deposit
coal type 
O2
[vol%] 
CO2
[vol%] 
H2O
[vol%] 
SO2
[vol%] 
CO
[vol%] 
N2
[vol%] 
Exposure time 
[h] 
w/o pre-exposure 
PR 580°C 
580°C S-rich 3 66.7 15 0.3 0.01 15 960 
w/o pre-exposure 
PR 650°C 
650°C S-rich 3 66.7 15 0.3 0.01 15 960 
w/o pre-exposure 
SEB 580°C 
580°C S-lean 3 66.9 15 0.1 0.01 15 960 
w/o pre-exposure 
SEB 650°C 
650°C S-lean 3 66.9 15 0.1 0.01 15 960 
w pre-exposure 
PR 580°C 
580°C S-rich 3 86 11 0.3 - - 950* 
w pre-exposure 
PR 650°C 
650°C S-rich 3 86 11 0.3 - - 950* 
w pre-exposure 
SEB 580°C 
580°C S-lean 3 82 15 0.1 - - 950* 
w pre-exposure 
SEB 650°C 
650°C S-lean 3 82 15 0.1 - - 950* 
* only laboratory tests considered not including the 50-hour pre-exposure time 
2.3. Analytics 
After completed exposures, the metal specimens were investigated by light optical microscopy and scanning 
electron microscopy (SEM) with energy- and wavelength-dispersive X-ray spectroscopy (EDS, WDS) to analyze 
the morphology and composition of the corrosion products. The corrosion behavior of the materials was compared 
by measuring the total metal loss after completed exposures and by determining the corrosion rate with respect to 
1000 h estimated as indicated in formula (1) and measured with the help of SEM-images of the corrosion products. 
The total metal loss corresponds to the reduction in the load-bearing tube section and the corrosion rate presented 
and discussed in section 3.1 always relates to 1000 h. 
Total metal loss = max observed depth of internal corrosion + k* (max observed external oxide scale) (1) 
Precise analysis requires small differences in the k-values used, because the oxide types vary significantly (iron 
oxide, chromia, spinel, mixed spinels, spinels mixed with single oxides), resulting in varying oxide-to-metal 
density ratios and cation-to-anion ratios. For the tests without pre-oxidation, the k-values were determined to be in 
the range 0.43-0.47 depending on the alloy. For simplicity, an average constant k = 0.5 was used for the tests with 
pre-exposure, since this is common industrial practice and the error is almost negligible. 
Some of the original deposits on the corrosion probe rings from the pre-exposures were collected and analyzed 
by ICP-OES and XRD directly after removal from the combustion chamber and before the laboratory tests. The 
procedure was repeated after the long-term corrosion tests were completed. The change in composition of the 
deposits is discussed in section 3.2. 
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or not a small increase in H2O content (15 % vs. 11 %) in the oxyfuel combustion atmosphere characterized by 
high partial pressure of CO2 has a greater impact on the overall corrosion rate than a threefold difference in SO2
concentration (0.1 % vs. 0.3 %) should be a subject of further research. 
It should be taken into account that mass change measurements of the exposed specimens do not show 
significant corrosion forms such as intergranular oxidation, thus occasionally delivering wrong impressions of an 
alloy’s performance. Therefore, the determination of corrosion rates is suggested to be either verified or performed 
mainly using the visual observations with known micro-analytical techniques. Moreover, although the use of 
ground surfaces allows for a better comparison of different alloy compositions and their impact on corrosion of the 
observed alloys, it does not reveal the actual condition of the applied tube, which is also relevant to corrosion 
studies.  
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